The radiative interior of the Sun could be hiding a large-scale magnetic field, which might not be axisymmetric about the observed rotation axis. Using helioseismic data, we estimate that the strength of any such relic field must be less than about 30 MG, if the field is axisymmetric about the rotation axis. The shape oblateness caused by a field at this limiting strength is about 5-10 x 10" 6 . Stronger fields can be accommodated by the helioseismic data if they are inclined to the rotation axis. We further conclude that the convection zone and at least the outer part of the radiative interior rotate on the same axis.
INTRODUCTION
There is no observational evidence which precludes an intense, inclined, rotating, relic magnetic field being buried deep in the solar interior. One might expect such a field to be a combination of a poloidal and a toroidal field, the latter being generated by the shear of differential rotation in the star's premain-sequence life. Mestel et al. (1981) showed that the aligned field built with the shear of differential rotation could, if slightly tipped, decay into being a perpendicular rotator. An intense magnetic field, whether or not it is tied to an oblique rotator, would be expected to freeze the local matter into rigid rotation. Over the main-sequence life of the star, the magnetic field would dissipate through a combination of turbulent cascades and ohmic diffusivity with the field configurations varying on the largest spatial scales being most robust. Whether or not such a field still exists, or ever existed, in the solar core is not clear. However, if an intense magnetic field were to exist deep inside the Sun one might expect that it would ultimately be seismically detectible.
The signature of an inclined magnetic field in the spectrum of solar oscillations is quite different from that of an aligned magnetic field (Dicke 1982a; Dziembowski & Goode 1984 , 1985 Gough & Taylor 1984) . If the Sun were spherically symmetric, the spectrum of solar oscillations would be characterized by (nZ)-multiplets which would be (21 + l)-fold degenerate in m, where n, Z, and m are the radial order, angular degree and azimuthal order of the oscillation. Rotation lifts the degeneracy causing a fine structure in each (n/)-multiplet. A fairly intense magnetic field aligned with the rotation axis would alter the fine structure pattern among the (21 + l)-modes. However, if that field were inclined, an inertial frame observer would, in principle, report more than (21 4-1) peaks in each multiplet even if the Sun still rotated on a single axis (Dicke 1982b; Dziembowski & Goode 1985) . The lower the degree of a solar oscillation the more deeply it penetrates. Thus, ideally, to study the solar core one needs the lowest degree oscillations. However, we do not have fine structure oscillation data for the 1 Postal address: Department of Physics, New Jersey Institute of Technology, Newark, NJ 07102. lowest /-values. Nonetheless, we use the available oscillation data to place limits on plausible inclined magnetic fields in the solar core.
A different scenario for an inclined magnetic field in the interior has recently been suggested by . They argue that part or all of the Sun's radiative interior may rotate on an axis that is severely inclined to the rotation axis of the surface. This inclined region has longitudinal magnetic active bands in its surface which they associate with the periodicity of flares . Even if the magnetic field itself had no seismically detectable manifestation, the processing inclined core would cause a hyperfine structure in the splitting data as measured from the Earth. Here we will use available splitting data associated with rotation to determine the helioseismic feasibility of this kind of picture.
FREQUENCY PERTURBATION DUE TO AN INCLINED ROTATING MAGNETIC FIELD
We assume that the rotation rate and magnetic field in the star do not vary with time. We further assume that rotation and the magnetic field each have an axis of symmetry. The assumption for the rotation would seem to be implicitly supported by helioseismic results at least for the outer layers (Brown et al. 1989; Christensen-Dalsgaard & Schou 1988; Thompson 1990 ). Since we have no such knowledge of core magnetism, we make the assumption of axial symmetry to simplify the problem here; for example, an inclined field would then have a clear angle of inclination with respect to the axis of rotation. We shall see that even with these simplifications, the (21 + l)-modes in an (n/)-multiplet would appear as (21 + l) 2 -frequencies from an inertial frame. For more complicated situations, the multiplicity of frequencies could be even greater depending on the nature of the unsteady perturbation(s).
Perturbation Due to the Separate Actions of Rotation
and Magnetic Fields In the presentation here, we roughly follow and Gough & Thompson (1990) in our sketch of the formalism used to determine the frequency perturbations of 1992ApJ. ., 395. .307G
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where the subscript R implies that co R is the perturbation due to rotation; Kis the operator representing the linear effect of rotation in the chosen frame, and Q is the internal rotation rate. The £ 0 's are the displacement vectors of the oscillations of the unperturbed (i.e., spherically symmetric) system and are given by
with respect to spherical polar coordinates (r, 9, </>). The eigenfunctions are determined employing a solar model.
If the star has an axisymmetric magnetic field, but is not rotating, the lowest order change in the frequency is given by
where the subscript M denotes that the quantity is evaluated after magnetic perturbation and co 0 is unperturbed. The unperturbed eigenfunction, £ 0 , is given by equation (2), where the polar axis is the field's axis of symmetry. The linear operator, L m arises from the perturbation of the pressure, density (p), and gravitational potential in the hydrostatic equation. The quantity F' represents the Eulerian perturbation of the Lorentz force,
where the perturbation of the field is given by
We note that equation (3) necessarily includes the magnetic distortion of the star. have shown that centrifugal distortion is the dominant second-order effect of solar rotation; but further, they have shown that its influence is always small compared to the first-order effect represented in equation (1). Hence, we are justified in neglecting the second-order effect of rotation here. If both rotation and magnetism are present and the axis of symmetry of the field is aligned with the rotation axis, then the total frequency perturbation is given by the sum of co R and co M . However, if the field is inclined to the axis of rotation then the two perturbations cannot simply be added and we have to solve the problem of an unsteady perturbation. We can find normal modes in a frame in which the structure and dynamics of the star are time-independent. Hence, we solve the problem in a frame in which the perturbation is steady, and then we transform to the observer's frame.
An Inclined Rotating Field
We first solve the problem in the intrinsic frame of the star for which we assume that the combined rotational and magnetic perturbations can be treated as steady. In the development here, we closely follow Dziembowski & Goode (1985) . In this, we assume that the star rotates on a single axis, and we chose this to be the 0 = 0 axis of our coordinate system. For each (n/)-multiplet, we solve
where j and k are the azimuthal components of unperturbed modes in the rotating frame for the same (n/)-multiplet, and s labels each of the (21 + 1) perturbed eigenfrequencies. Each of the (2/ + 1) perturbed eigenfunctions is given, to lowest order, by the following linear combination of unperturbed eigenfunctions :
?R,M = I Ä.M,*-(7) k= -l The (nl) labels are suppressed everywhere, except where they are required for clarity. The O-matrix is given by Oj,k = ^j,k C0 R,k + > (8) where the contribution of rotation is diagonal and is given by equation (1). The contribution of an inclined magnetic is not diagonal. The 0 M matrix is conveniently obtained by first evaluating it in a coordinate system aligned with the fieldwhere the matrix is diagonal by virtue of the field's axial symmetry-and then transforming to the coordinates aligned with the rotation axis using Wiener function, d. This yields
m' = -I where ß is the angle by which the field's axis is inclined to the rotation axis and co M is given by equation (3). The eigenfrequencies and eigenvectors are determined in the rotating frame by diagonalizing the O-matrix. Note that if the axes of rotation and magnetic field are aligned (i.e., ß = 0), the Wiener functions simply cause an identity transformation. In this case 0™ k = Ô j k co M k , and the eigenfrequencies are simply the sum of (o R k and (o M k9 as stated previously.
We emphasize that even for an inclined field, there are (21 + 1) modes in the rotating frame where the perturbations have been assumed to be steady. However, from the inertial frame or the observer's system, the perturbation is unsteady. For instance, for an inclined dipole field the observer might alternately see the field's north and south poles. Dziembowski (1977) has given the relative luminosity due to an oscillation s where
m where and are the inclination angles of the rotation axis with respect to the observer. In transforming from the rotating frame to the observer's frame, we have
and thus, the splitting of the excited mode is described by
The a's are arbitrary constants and Q is the rigid rotation rate of the magnetic field as seen by the observer. By equation (12) 2 frequencies. This is the simplest spectrum possible for an unsteady perturbation. In the next section, we particularize this formalism for the case of a deeply buried inclined field inside the Sun.
Manifestations of an Inclined Core Field in the Sun
The helioseismic splitting data are typically defined in terms of a-coefficients, where v n,l,n v n,l,0
and where I is typically 5 or 6. The v's are the cyclic frequencies, Pi is the Legendre polynomial of degree i and L = ^/l(l +1). Implicit in equation (13) is the assumption that there is no unsteady perturbation. Existing data have been used to reveal that surface-like differential rotation persists through the convection zone with a rapid transition toward solid bodylike rotation beneath (Brown et al. 1989; ChristensenDalsgaard & Schou 1988; Thompson 1990 ). In fact, Goode et al. (1991) have suggested that it is not unreasonable to think that the transition is abrupt. That is what we assume here. Using the 1988 data set of Libbrecht & Woodard (1990, and private communication) and the calculations of Goode et al. (1991) , we determine the mean rotation laws f Q(r < 0.TÎR) = 438 nHz (14) where we have taken 0.73R to be the radius of the radiative interior. We remark that the differential rotation rate in the convection zone is consistent with that of the solar surface. A rigidly rotating core is what one might expect if there were even a weak field in that region.
In the frame rotating with the radiative interior (and hence by assumption with the magnetic field) the frequency perturbations due to rotation are (^R,m = ~m^r<0.13R^'nlm • (16) We call the C nlm " Ledoux numbers " because if the star were completely rigidly rotating equation (16) would become = -mClC nl (17) where the C ni are the more familar Ledoux constants. However for a solar-like star the Ledoux constants are small for p-modes (typically 10 "
3 ), whereas our Ledoux numbers incorporate effects of advection arising from differential rotation in the envelope and are much bigger. Ledoux numbers for the rotation law as defined by equations (14) and (15) can be written in the form (18) where coefficients a, b, c are independent of m: coefficients for this rotation law are given in Table 1 , for modes closest to 3 m Hz with l = 5,10,20. We consider quadrupole field configurations, one toroidal and one poloidal. We choose a quadrupole geometry for the toroidal field because it is the simplest toroidal field to be generated by the shear of differential rotation. Our poloidal field is similarly, though somewhat arbitrarily, chosen to be quadrupole. We consider the seismic effect of the two fields separately. Although such pure toroidal or poloidal fields are actually unstable, they might in reality be made stable by the addition of a small, seismically undetectable, poloidal or toroidal fields, respectively. Our interest is the seismic signature of each kind of field. Following Gough & Thompson (1990) the toroidal field was chosen to be
with b T given by (l + ^l + d-Yir/ro^D-ir/romo (r<r 0 ) (20) and taken to be zero elsewhere; here o = 10(r o /R) + 1, and we considered only r 0 = 0.7JR. This field approximates that invoked by Dicke (1982a) to explain the Princeton solar oblateness measurements. From Figure 1 it can be seen that this field has peak strength in the energy-generating core (at r = 0.233R) and has very small amplitude indeed for r > 0.5R. Such a confined field would cause a relatively much larger oblateness or prolateness near the solar center than would be manifest at the surface. The poloidal field we considered was 4.10E-6 7.84E-5 -2.31E-5 performed in the manner described by Gough & Thompson (1990) , but omitting the effect of spherically symmetric distortion, which they found to be negligible. For both these quadrupole fields co M is of the form (18): expansion coefficents a, b, c corresponding to the modes of Table 1 appear in Table 2 . We have used B 0 = 30 MG in both cases : for other field strengths, the values in Table 2 would simply scale as B%. Suppose then that the Sun had a toroidal magnetic field as described by equations (19) and (20) and that its rotation were described by equations (14) and (15) (cf. Tables 1 and 2 ). If the magnetic field's axis of symmetry coincided with the rotation axis, the power spectrum of a particular mode (in this case / = 5 ? n = 19, v = 3019 /¿Hz) would be observed to be as shown (in somewhat idealized fashion) in Figure 2a . The (2/ + 1) peaks correspond to the 2/ + 1 values of m. The spectrum is considerably more complicated if the field is inclined to the rotation axis (Figs. 2b-2e ). In general, (21 + l) 2 peaks now appear in the power spectrum, though some of these may have vanishingly small amplitude. (The amplitudes of the peaks plotted in these figures are the squares of the components of the eigenvectors of matrix O, viz., {off} 2 .) In each of Figures 2b-2e, the crosses indicate peaks which all correspond to a single eigensolution (which we have chosen arbitrarily) in the intrinsic frame of the star, i.e., they indicate all peaks corresponding to a particular value of s. Thus, by equation (12), neighboring crosses are separated by the frequency of rotation of the core relative to the inertial frame. Circles indicate peaks which all correspond to a particular m value in the observer's (more correctly the inertial) frame-we have chosen to indicate m = 0 peaks. When the angle of inclination of the field is small, there is only one peak corresponding to m = 0, for instance, in the observer's frame that has an appreciable amplitude. As the angle of inclination is increased, the dominant peak becomes less pronounced and the other peaks grow in amplitude. Indeed, for angles of 45° or more there is no longer a single dominant peak at all for a 30 MG field. The effect is less for a weaker field, of course: with B 0 = 10 MG (Fig. 1/) , there is one dominant peak even for an angle of inclination of 90°.
A spatially unresolved observation would detect all the peaks shown, giving rise to a very confused power spectrum. By projecting spatially resolved observations onto particular spherical harmonics (cf. Brown 1986) a clearer picture emerges. Neglecting leakage due to the fact that only one hemisphere is visible, and other observational effects, the power spectrum corresponding to the spherical harmonic, say, would contain only those peaks distinguished by circles in Figures   2b-2f . Whether the observer actually sees all (21 + 1) peaks in his m = 0 spectrum depends on whether the peaks can be resolved. If they cannot be resolved, in particular if the intrinsic width of the peaks is so great that the peaks would overlap one another, then the observer would simply see a single peak but with an apparent line width greater than the intrinsic line width of the modes.
As the observed mode linewidths are too great for the hyperfine structure in Figures 2b-2f to be resolved (Libbrecht & Woodard 1992) , except at the lowest frequencies, we proceed on the assumption that what would be observed were the Sun to have an inclined magnetic field as we are supposing would be a single peak corresponding to each m value, each with an enhanced apparent line width. How would this affect the splitting coefficients calculated from the observations? We have investigated this by taking for the centroid frequency of each composite peak the power-weighted mean of the frequencies of all the individual unresolved peaks : this provides a single frequency for each m-value, and these can then be fitted (with an unweighted least-squares fit) by a low-order polynomial in the manner of equation (13) to furnish a¿ coefficients. Provided the weighting of the peaks is done in this fashion, it can be shown that the presence of the magnetic field does not affect the odd a* coefficients. In practice, waves will interfere so that the observed power will not simply be a sum of the power in the individual modes. However, our naive power-weighted mean is appropriate to give the correct result over a period of many mode lifetimes, if the mode phases are independent. It should also be borne in mind that we have assumed that in the intrinsic frame the modes are excited to equal amplitudes. (So, for example, in Fig. 2a all the peaks are of equal magnitude.) If that were not the case, the odd splitting coefficients would be sensitive to the magnetic field.
With these caveats, we can say that a magnetic field will not itself affect the odd splitting coefficients. To place bounds on any large-scale magnetic field buried in the Sun we must therefore look at the even a¡s. Figure 3 shows the observational a 2 and a 4 averaged over n and l in bins 10 /-values wide, together with coefficients computed for the toroidal and poloidal fields used for Table 2 , both with ß = 0 and ß = tt/2. The observational data have been modified by subtracting from them the calculated second-order effect of rotation. In calculating the second-order effect of rotation, we assumed the rotation law of equations (14) and (15) and used the formalism of Dziembowski & Goode (1992) . The observational data used were collected in 1986 (Libbrecht & Woodard 1992) , around solar minimum, since at that epoch the known near-surface contribution to the even splitting coefficients was essentially absent, , and does not therefore hinder our search for the signature of a buried field. It can be seen from Figure 3 that the toroidal field B 0 = 30 MG is at the limit of what is consistent with the splitting data. Given that the magnetically induced a 2 and a 4 scale as the square of the field strength, it is clear that a field twice as strong, say, is firmly ruled out by the data, while a field of half the strength would be comfortably accommodated by the uncertainties in the splitting data. A slightly larger value of B 0 could be tolerated for the poloidal quadrupole field, but again it could not be twice as big as we have used. If we had chosen a dipole poloidal field instead, the limit on B 0 would be about the same. For / > 30 the modes do not penetrate deeply enough for the core fields we are considering to have any appreciable effect.
It follows from equations (3.9), (3. The data have had the calculated second-order rotational contribution removed from them. Points joined by solid lines show the values of the splitting coefficients that would be caused by a toroidal field as described in the text (with B 0 = 30 MG) for selected modes close to 3 mHz, both for 0 = 0 and ß = 7t/2 (as indicated). Points joined with dashed lines show the corresponding values for the poloidal field described in the text (with B 0 = 30 MG). Thompson (1990) that as the angle of inclination of the field is varied, the values of a 2 and a 4 vary roughly in the following simple way: a 2 oc P 2 (cos ß), a 4 oc P 4 (cos ß) .
We have verified these dependences with our numerical results. Thus the splitting coefficients are largest in magnitude for an aligned field. For ß = 45°, for example, relative to the /? = 0 results, a 2 is smaller by a factor of 0.25 and a 4 by a factor of 0.4, and the signs of both change. Thus a field that is inclined to the rotation axis could have somewhat greater strength and be consistent with the splitting data. A buried magnetic field would also change the shape of the Sun's photospheric surface, and it is interesting compare the oblateness constraints imposed by the helioseismic data with the direct solar oblateness measurements (e.g., Dicke, Kuhn, & Libbrecht 1987) . Our toroidal field causes the star to be prolate, the photospheric radius depending on colatitude 6, with respect to the axis of symmetry of the magnetic field, as [1 -8.0 x 10 6 P 2 (cos 9)-3.6 x 10" 7 P 4 (cos fl)]" 1 (23) (cf. Gough & Thompson 1990 ). The poloidal field causes the star to be oblate with respect to the magnetic axis, the photospheric radius varying as [1 + 1.7 x 10~6P 2 (cos 9) + 2.4 x 10" 7 P 4 (cos 0)]" 1 . (24) (The coefficients of P 2 and P 4 in the above two expressions scale as the field strength squared; those quoted are for B 0 = 30 MG.) Thus the relative difference between polar and equatorial radii is 1 x 10" 5 for the toroidal field and 2 x 10" 6 for the poloidal. Given that the poloidal field could have been a little stronger and remained consistent with the splitting data, we conclude that an aligned field causing shape oblateness (or prolateness) greater than 5-10 x 10" 6 is inconsistent with the current helioseismic splitting data. This is larger by a factor of 2-4 than the estimated uncertainty in the 14.6 ± 2.2 mas oblateness measurement of Dicke et al. (1987) . For an inclined field the helioseismic constraint on the field is weaker, while the oblateness/prolateness the field causes is the same, relative to its own axis of symmetry. However, an inclined field would give rise to a time-varying signal in the oblateness measure-1992ApJ. . .395. .307G SOLAR OSCILLATION FREQUENCIES 313 No. 1, 1992 ments which might be less well constrained than the static shape oblateness. Note that the conventionally defined shape oblateness-namely the fractional difference between equatorial and polar radii-also constrains an internal field less well when the field is tipped over (for a P 2 distortion the equatorial/ polar oblateness varies with angle of inclination ß as cos 2ß). Nonetheless the oblateness experiment of Dicke and collaborators measure not only a "vertical" but also a "diagonal" component of oblateness and so should be able to detect oblateness even if the field were inclined at 45°.
Physically, the magnetic field, whether it is inclined or not, contributes only to the symmetric a-coefficients because the basic symmetry of its effect on eastward and westward propagating waves is maintained. On the other hand, since the firstorder effect of rotation is manifest in the odd a's, we anticipate that if the interior rotated on a different axis than the envelope then this precession would have its signature in the odd coefficients.
Is the Sun's Radiative Interior Tipped?
Recently, have argued that the rotation axis of the solar interior may be inclined by about 90° to that of the envelope. In Sturrock and Bai's scenario the two axes are at rest in the inertial frame. Hence in the inertial frame the perturbation is steady and we are able to solve the eigenfrequency problem. Before proceeding to do so, we note that if the axis of interior rotation were precessing about that of the envelope, there would still be a frame in which the perturbation would be steady. However, if the axis of interior rotation were precessing about any other axis, then there would be no frame in which the perturbation is steady. Among the consequences of such an unsteady perturbation would be a much more complicated spectrum.
If the Sun were rotating in the manner that Sturrock and Bai have suggested, there would be a seismic signature in the antisymmetric part of the a-coefficients of equation (13). As we have seen in the previous section, the inclined field effects are confined, with certain caveats, to the symmetric part of the splitting. With this in mind, we focus attention on the antisymmetric parts, and therefore ignore magnetic effects.
We solve equation (6), in an inertial coordinate system which is aligned with the envelope's axis of rotation. Here Oj k is given by
where matrix O c represents the rotational effects of the core. The first term on the right-hand side is obtained from equation (1) with K now being evaluated in the inertial frame and where the limits of integration are from the bottom to the top of the convective envelope and the rotation law is that of equation (15). For the radiative interior, we use the 25.8 day period of Sturrock and Bai, which corresponds to Q(r < 0.732?) = 450 nHz ,
and evaluate O c using the inclined coordinate system in which it is diagonal. For this, we employed equation (9) in which co M is replaced by the co R of equation (1) where we use the rotation law of equation (26) and the limits of integration in equation (1) are now from the center to the top of the radiative interior. Matrix O j k is not diagonal because in this scenario the Sun does not have a unique axis of symmetry.
Although we use equation (26) to provide a definite numerical example, we appreciate that Sturrock and Bai's scenario does not necessarily require that the whole radiative interior rotates about an inclined axis and with a 25.8 day period. We return to this point below.
There are (21 + 1) modes for each (n/)-multiplet in our inertial frame. A hyperfine structure results when we transform to the Earth's frame, since equation (12) applies here except that Q is now replaced by the frequency of the Earth's revolution about the Sun-a number somewhat more than an order of magnitude smaller than Q.
The spectrum for / = 5, for example, resembles those in Figure 2 . However, the interpretation is quite different. There the hyperfine structure resulted from the separation of the eigenvalues of equation (6) and hence reflected the magnetic field strength; while the distance between each submultiplet, arising from the transformation from the Sun's intrinsic frame to the observer's frame, was equal to the rotation rate of the magnetic interior. By contrast, in the present case the distance between the submultiplets results from the separation of the eigenvalues of equation (6) and is of the order of magnitude of the rotation rate of the star; whereas the equal spacing of the hyperfine structure within each submultiplet arises from the transformation from the inertial frame to the observer's frame and is equal to the orbital rotation rate of the Earth about the Sun. In whole disk observation, one would report similar spectra for the two cases discussed here. However, in the spatially resolved disk measurements, where one projects for individual T^'s, in a projection for the former case one would pick-up all the members of an individual submultiplet. Whereas, in the latter case, one would pick up one member from each submultiplet in the (nl) group.
In Figure 4 , we compare the a t coefficients of the 1988 data of Libbrecht & Woodard (1990, and private communication) with the a x coefficients calculated using the rotation law of equations (15) : ting data in Figure 4 are not consistent with the whole radios ative interior being tipped by 45° and rotating with a 25.8 day S period.
To understand the effect of an inclined rotator on the rotational splitting, we can consider the effect on / = 1 modes, for which the matrix algebra is very straightforward. The two 3x3 matrices describing the effect on an / = 1 mode of the rotation of the envelope and the inclined core are diagonal in their respective frames, let us say diag (y E , 0, -y E ) and diag (y c , 0, -y c ). After transforming the second matrix with the Wiener functions, it is not difficult to show that the eigenvalues of the sum of the two matrices are o, ±(y 2 E + 7c + 2y E y c cos ß) 1 ' 2 .
We note in passing that this is the magnitude of the sum of two vectors, of magnitudes y E and y c , at an angle ß to one another. Thus we recover the usual result for ß = 0, and (assuming that y E and y c are both positive) the magnitude of the nonzero eigenvalues decreases as ß increases from zero, reaching a minimum when ß = n-i.e., when the core is rotating in the opposite direction to the envelope. Even for deeply penetrating low-degree p-modes, the mode energy density is greatest in the envelope, so unless the rotation rate of the envelope is very much less than that of the core it is the case that y c y E . Thus the magnitude of the two nonzero eigenvalues given by equation (27) is y E + y c cos ß + 0(yç/y E ),
viz., to a good approximation, the / = 1 modes sense only the component of the core rotation that is aligned with the envelope rotation. That the influence of core rotation does not exactly go to zero as /? -* tt/2 in expression (27) is due to the fact that the axis of symmetry of the eigenmodes does not stay exactly aligned with the envelope rotation axis. In fact, if one considers the case where the envelope is at rest (y E = 0), expression (27) shows that the nonzero eigenvalues are ±y c , as they should be : in that case the axis of symmetry of the modes is the rotation axis of the core. The discrepancy between observational a !-coefficients and those of our inclined rotating model increases with decreasing l : this is because a relatively larger contribution to the splitting coefficient for the lower / modes comes from the radiative interior, and this contribution has been reduced by inclining the core. The decrease in the calculated a/s for the inclined interior reflects the reduction in the component of the interior's rotation aligned with that of the envelope. Thus, the discrepancy would be even larger if we assumed that the interior were tipped by anything like the 90° suggested by Sturrock and Bai.
The a 3 -and a 5 -coefficients are affected less by inclining the core; but in any case the ^ coefficients are the best determined observationally and therefore serve best to discriminate between the inclined and noninclined rotator models.
If the individual peaks which all correspond to given / and m (and n) values in the observer's frame are not resolved-and we are aware of no observational evidence for such a multiplicity of peaks in spatially resolved measurements-the impression is of a single peak with an apparent line width that is greater than the intrinsic line width of the modes. Using the same rotation law that led to Figure 4 and assuming ß = 45°, the calculated apparent line widths for the low-/, low-frequency modes are about an order of magnitude larger than reported by Libbrecht & Woodard (1992) . This is illustrated in Figure 5 for the / = 20, 1894 /¿Hz mode for which the individual peaks shown belong to m = 0 with respect to the Sun's surface rotation axis. From the figure, one would expect to measure an effective line width for m = 0 of about 3 /¿Hz. We reiterate that if /? = 0°, there would be a single spike at the zero in the spectrum; but the unsteady perturbation gives rise to many peaks which lead to an enhanced apparent line width if they are too closely spaced in frequency to be resolved. This result is typical, within a factor of 2 or so, for the mean of the calculated low-/ and low-frequency spectra with ß = 45°, whereas the data for this mode regime reveal about 0.3 /¿Hz for the line widths. For the higher frequency / = 20 modes that are observed in the 2500-4000 /¿Hz range, for which the observed line widths are greater, the calculated peaks are also wider: now, however, the observed and calculated widths are roughly comparable. In an effort to reduce the discrepancies between the model calculations and data, we could assume that the inclined core in our model spins about 50% faster for ß = 45°. This would have the m=0 Peaks for 1=20, n=7 SOLAR OSCILLATION FREQUENCIES 315 No. 1, 1992 desired eifect that the calculated and observed a x -coefficients would agree. However, this produces even larger apparent line widths. If instead we were to assume that the interior spins more slowly so as to match observed line widths, then the calculated splitting coefficients would be far too smallsmaller than those in Figure 4 . If we were to increase ß toward 90°, this conflict would be exacerbated.
Assuming the rotation law of equations (15) and (26), we can successively decrease /T until the calculated a !-coefficients and line widths are consistent with the data. Even when the angle of inclination is as little as 10°, the effective line width is about 1 /¿Hz (Fig. 5b) , which is larger than observed for modes of low frequency. Agreement only occurs once ß has been reduced below 10°. The conclusion rests somewhat more heavily on the effective line widths than the a/s.
It could be, however, that just the outer part of the radiative interior rotates on an inclined axis. Such a situation might fit the picture presented by Sturrock and Bai. To test this scenario, we assume that the region between 0.64 and 0.73, about one pressure scale height, forms an inclined rotating shell with the deeper interior having the envelope's rotation axis. If we assume ß = 45°, the calculated a x -values for / = 30-40 are about the same as in Figure 4 and such a large inclination for the shell is precluded. Furthermore, if ß is more than about 10°, the effective line widths are too large, as before. Finally, if we assume a one pressure scale height shell is inclined somewhere in the convection zone, any inclination more than 10° leads to a/s which are too small and line widths which are too large.
We remark that if the approach used here could not be used if we had to describe a star having two axes of rotation and an inclined magnetic field.
DISCUSSION
There could be a fairly intense inclined relic poloidal or toroidal magnetic field buried deep inside the Sun. We have investigated two such fields in this paper, and we expect that our results should be indicative of the effects of other largescale fields with simple geometries. From helioseismic data we find that the strength of such a field could not be larger than about 30 MG, if it is axisymmetric about the rotation axis. A field at this upper limit is strong, but the oblateness it would cause is comparable only to the current observational errors in those observations. An inclined field could be stronger and still be consistent with the helioseismic data, but it would of course cause a greater oblateness in its own frame. An important point when comparing the helioseismic constraints with those based on direct measurements of the solar oblateness is that the limits from helioseismology can be expected to become much more precise in the next few years as frequency data from ground-based networks and satellite-borne experiments become available. A comparable improvement in the precision of the direct oblateness measurements is unlikely.
Helioseismic studies of the Sun's internal rotation have implicitly assumed that the Sun rotates on a single axis. The suggestion of Sturrpck & Bai (1991 led us to check the seismic accuracy of this presumption. We have seen that the Sun rotates on a single axis above 0.6R. To be more precise, if the radiative interior above 0.6R rotates on an axis that is inclined to the rotation axis of the convective envelope, the angle of inclination must be less than 10°. Beneath that radius we have weaker evidence for rotation on a single axis down to about 0.3R. This can be seen in Figure 4 by examining the discrepancy between the a ^coefficients at ß = 0° and 45° for / = 10 and noting that the / = 10 modes sample the region between 0.3R and 0.6R. Because of a paucity of splitting data for modes of very low degree, we cannot at present rule out the possibility that a small inner core (r < 0.3R) rotates on an axis that differs from the envelope axis of rotation. But we can with reasonable certainty rule out " Scenario A " of Sturrock & Bai (1992) : The helioseismic evidence is that the entire radiative interior does not rotate about an axis inclined at a large angle to the axis of the ecliptic.
Of course, one could imagine that the Sun has inclined, rotating shells extending over such narrow regions of the Sun's interior as to be seismically undetectible. However, it is difficult to envision how such shells could be sustained in the envelope given the turbulent convection acting there. It is also difficult to envision a dynamically stable inclined shell in the interior.
